Abstract: By analogy with the homocyclopropenyl (1) and homotropylium cations (2), cyclohexadienyl anions (3) might also be expected to be nonplanar, homoaromatic species. Several such anions, prepared by proton abstraction from the corresponding 1,3-and 1,4-cyclohexadienes, were studied by IH and I3C N M R spectroscopy in ND3 solution. Interpretation of the chemical shifts, coupling constants, and the results of low-temperature studies at 300 (IH NMR) and 67.88 MHz (I3C N M R ) indicated these cyclohexadienyl anions rather to be planar nonhomoaromatic species. M I N D 0 / 3 calculations on the parent cyclohexadienyl anion agreed; the planar form was found to be a shallow energy minimum. The large spatial separation between the *-system termini and the stabilizing interaction of T * (CH2) with the H O M O of the pentadienyl fragment are responsible for the absence of the expected homoaromaticity
tures. 6 In contrast, remarkably little attention has been paid to the intervening system, the cyclohexadienyl (3a) or homocyclopentadienyl anion (3b).
Kloosterziel and van Drunen studied a series of cyclic dienyl anions by ' H N M R spectroscopy and concluded that no ring current occurs in 3 unless there is an accidental cancellation due to more than one effect' working in the opposite direction. In a I3C N M R study of dienyl anions no evidence for the homoaromaticity of 8 was detected.x In contrast, several theoretical studies of homoaromaticity have concluded that 3 should be considered to be the homocyclopentadienyl anion (3b).9 Because of the discrepancy between experimental and theoretical conclusions, we have reexamined the nature of 3 by both methods.
Experimental Results
Clear, red solutions of the cyclohexadienyl anions 3,6, and 8 and the cycloheptadienyl anion (9) were obtained by proton abstraction from the corresponding 1,3-or I ,4-dienes with potassium amide in liquid ammonia a t -60 "C. Treating 1-methyl-1,4-cyclohexadiene (10) with KNH2 under the same conditions yielded a mixture of 1 -methylcyclohexadienyl (1 1) and of 2-methylcyclohexadienyl anions (12) along with toluene, in molar ratios of I .5:2.5:1 .O, respectively. The solutions of the anions could be stored a t -78 "C for several days without noticeable decomposition. At -40 "C decomposition of 3 into benzene, and of 11 and 12 into toluene, was observed. Tables I and  I I. The observed equivalence of the methylene protons in 3 is in accord either with a planar structure or with two rapidly equilibrating puckered species, 3b and 3b'. I f the latter were the case, it might be possible to freeze out the puckered forms on the N M R time scale either by lowering the temperature or by increasing the magnetic field strength. The lowest temperature accessible with a solution of 3 in ND3 was -60 O C (freezing point of the solvent). At this temperature broadening of the CH2 signal caused by nonequivalence of the two protons could not be detected, even a t 300 MHz. If it is assumed that the chemical shift difference of the methylene protons in the hypothetical puckered hornocyclopentadienyl anion should be a t least as large as in the cyclobutenyl cation (6 is much larger in the hornotropylium ion), the maximum barrier for the ring flipping process would be 8 k~a l / m o l .~ Furthermore, the 67.88-MHz I3C NMRspectrumof8at -120 "C (THF/DME solution) did not show nonequivalence of the methyl carbons. Since 13C chemical shift differences are generally larger than ' H shift differences, a much lower barrier, if not a planar structure, is indicated by this observation.
I3C NMR Chemical Shifts
Indirect evidence for the planar structure of 3 can be obtained from I3C chemical shifts, which have been found to be proportional to a-electron densities in cyclic aromatic sys- The situation is quite different in the homoaromatic ions, 1 and 2. According to the I3C N M R chemical shifts, the charge is now distributed over all olefinic carbon atoms. The terminal carbon atoms experience an upfield shift due to a decrease of positive charge and a partial conversion from sp2 to sp3 hybridization.
The I3C N M R chemical shifts of the cyclohexadienyl anion show that 3 behaves as a typical pentadienyl anion. C-2 and C-4 do not carry negative charge, as demonstrated by the similarity of their chemical shifts to those of the corresponding cation, 16. The total upfield shift for C-1 to C-5 relative to benzene (6 128.7) is -15 1.5 ppm, approximately that expected for the location of one additional electron on these atoms.'? Because of the large C-1 -C-5 distance a significant amount of 1,5 overlap cannot be present in the cycloheptadienyl anion (9). Since 6 C-2 (C-4) and 6 C-3 are almost identical in 3 and f8.o 0:: 11.3 9 I 3 m 9, it must also be concluded that homoaromaticity is absent in the cyclohexadienyl anion (3). The different C-l shieldings in 3 and 9 are caused by the different surroundings of these atoms.
The sensitivity of the C-1 shieldings toward substitution at C-6 is also demonstrated in the series 3,6, and 8 (Table I ); 6 C-3 remains unchanged (indicating absence of charge redistribution) while 6 C-l exhibits a 15-ppm upfield shift. The relative shieldings of C-1 and C-3 are reversed from 3 to 8, which indicates that the I3C shieldings in this series are not solely determined by x-charge densities. It is not possible, therefore, to rationalize the experimentally observed C-3 protonation of cyclohexadienyl anions on the basis of their I3C shieldings, as has previously been attempted.8
Methyl substitution of the pentadienyl framework of 3 does not alter the charge distribution significantly (11 and 12). The Puckering should thus be most facile in the homotropylium ion. Moreover, steric effects should favor a puckered cyclohexadienyl ion over a puckered cyclobutenyl ion. Therefore, other factors must be responsible for the different geometries of 1 and 3. M I N D 0 / 3 2 0 calculations on 1 and 2 are in excellent agreement with the experimental data.l0-I9 For example, the activation barrier of the ring flipping process of 1 was calculated by M I N D 0 / 3 to be 9.8 kcal/mol, only 1.4 kcal/mol higher than the experimental value.1° Therefore, we employed M I N D 0 / 3 to seek an explanation for the different geometries of 1 and 3.
The presence of homoaromatic stabilization of 3 should be reflected by its AHfO value (Table IV) . Since eq 1 is almost thermoneutral, 3 turns out not to be stabilized relative to In the cyclohexadienyl anion (3) IJCSH was found to be 124
Hz, a typical value for sp3-hybridized carbon atoms in the absence of angle strain. The agreement of this value with the corresponding coupling in 1,4-~yclohexadiene (1 26 Hz) and in the benzenium ion 17 (122 Hz) further indicates the absence of puckering and consequent 1,5 overlap in 3.
Calculations and Discussion
Since both the 2~-homocyclopropenylium ion 1 and the 6r-homotropylium ion 2 possess nonplanar structures, the experimentally indicated planar conformation of 3 would seem to be an unexpected exception. Can ring strain account for the different geometries of 1, 2, and 3? Enhancement of homoaromatic overlap by puckering implies partial formation of three-membered rings, i.e., partial formation of bicyclic from monocyclic species. Table I11 provides an estimate of the relative strain increase in the three systems, provided that formation of the bicycle were complete." A larger increase of strain is observed in the rings with n = 1 and n = 3 than in the open-chain reference system. In contrast, less strain is gener-E acyclic dienylic anions. Moreover, the potentially antihomoaromatic benzenium ion 16 appears to be even more stabilized (eq 2) than the potentially homoaromatic anion 3. Since positions 1 and 5 of the linear hexadienyl ions cannot interact with each other because of their large distance (3.6 A, Table   IV ), 1,s overlap cannot play a significant role in the cyclohexadienyl ions either.
In contrast, the large difference between AH of eq 3 and 4
can be explained on the basis of homoaromatic stabilization in the cation and homoantiaromatic destabilization in the anion. However, in spite of the favorable 1,3 interaction, the cyclobutenyl cation is only slightly more stabilized than the I-methylallyl cation (eq 3). Even more, eq 5 and 6 show that an allylic cation is better stabilized by a methyl group a t one .rr terminus than by a methylene group connecting the two termini (in the planar cyclobutenyl cation). Obviously, there must be a second factor, counteracting the homoaromatic stabilization of the cyclobutenyl cation. HOMO, the interaction with a* (CH2) will be neglegible and the unfavorable 4e interaction with the filled a (CH2) will dominate. Puckering will be favorable in these cases since the overlap with a (CH2) will decrease. In anions, the H O M O is higher in energy and the stabilizing interaction with a * ( This effect is also reflected by the total a densities of these ions ( Table V) . The a-electron density of the pentadienyl fragment in the cyclohexadienyl anion decreases by 0.14 electrons because of the interaction with the methylene group. On the contrary, the electron density of the allylic fragment of the planar cyclobutenyl cation is unaltered by the intervening CH2. Opposite effects are observed in (4n)~-electron systems. Linear (4n)n-electron cations have a low-lying symmetric L U M O which can interact with P (CH2). For example, 0.16 electron is donated by CH2 into the pentadienyl system of the benzenium ion. The H O M O of the 4n-electron cyclobutenyl anion, however, is antisymmetric. Therefore an electron flow into the methylene group is precluded by symmetry. Geometry optimization with M I N D 0 / 3 shows that the planar conformation of the cyclohexadienyl anion corresponds to the energy minimum. This minimum, however, is rather shallow (Table V I ) . Puckering by 20" causes an energy increase of only 2.2 kcal/mol; a similar value is obtained for 20' puckering of the benzenium ion (1.9 kcal/mol).
In contrast to the similar behavior of the cyclohexadienyl anion and cation, cyclobutenyl ions of opposite charges show large differences. Whereas a 20" puckering of the cyclobutenyl cation produces a stabilization of 8.1 kcal/mol (near the stabilization of 9.8 kcal/mol calculated for the optimum structure), the anion becomes destabilized by 21.1 kcal/mol.
A reason for the almost identical energy increase in the cyclohexadienyl cation and anion is indicated in Table VI . The termini of the T systems are separated by almost 2.5 A; consequently, their interaction is very weak. This is shown by the small value of the 1,S-bond index. If the CH2 group is bent upwards, neither the 1,5 distance nor the corresponding bond index is changed significantly. This explains the similar energy increase of the nonplanar cation and anion.
The distances separating C-1 and C-3 necessarily are much less in the cyclobutenyl ions. The different 1,3 distances calculated for the cation and the anion as well as the magnitudes of the 1,3-bond indexes indicate remarkably large 1,3 interactions, even in the planar forms. Puckering of the cation increases the 1,3-bonding interaction as atoms 1 and 3 move toward one another. In the anion, puckering should lead to a greater 1,3-antibonding repulsion of termini 1 and 3 and their distance should increase. This is found for a 10' puckering. At 20' puckering, however, the destabilization of the system is already so strong that a forbidden orbital crossing occurs (a disrotatory allyl-cyclopropyl anion interconversion is involved) 0 and the system is better described by the bicyclobutyl anion, 20.
If the large 1,5 distance is also responsible for the absence of homoaromatic overlap in 3, the system should pucker if the termini are moved closer together. This can easily be tested by calculation. In fact, when a C-1-C-5 distance of 2.0 A is enforced, the optimized structure is a puckered cyclohexadienyl anion ('p = 3 1 ") in which the negative charge has decreased on positions 1, 3, and 5 and increased on positions 2 and 4. This puckering does not have a primarily steric origin; a benzenium cation with carbons 1 and 5 held at the same 2.0 distance remains nearly planar ('p = 8").
Conclusions
The general rule that monohomoaromaticity (or monohomoantiaromaticity) is to be expected for systems in which a cyclic array of 4n + 2 (4n) electrons is interrupted by one methylene group has to be modified. Although anticipated to be a homoantiaromatic system, the 4 n cyclohexadienyl cation (protonated benzene) is found to be a stable species. Interaction of R (CHI) with the symmetric L U M O of the pentadienyl cation (which, in effect, makes it a 6n system) is energetically more important than destabilization by 1,s overlap. Analogously, interaction between R* (CHI) and the symmetric H O M O of the pentadienyl anion stabilizes the planar structure of the cyclohexadienyl anion so that puckering to a homocyclopentadienyl anion does not occur. I f the x (CHI) electrons are to be counted, the cyclohexadienyl anion would become an 8~ antiaromatic. The evidence does not support this interpretation.
Goldstein and Hoffmann demonstrated that homoaromaticity should be more important in ions than in neutral comp o u n d~.~~ Another restriction is indicated from our work. For electronic reasons, monohomoaromaticity should only be significant in (4n + 2 )~ electron cations (antisymmetric LUMO) whereas monohomoantiaromaticity should be expected for (4n)n-electron anions (antisymmetric HOMO). Since steric and ring size effects play an important if not dominating role, simple rules predicting homo(anti)aromaticity do not seem to exist.
Experimental Section
1.3-Cyclohexadiene (4), 1 ,4-cyclohexadiene, and 1 -methyl-1,4-cyclohexadiene (10) were commercially available samples (Chemical Samples Co.). 6-Methyl-1,3-cyclohexadiene was prepared from 4-methylcyclohexene (C. S. Co.) according to a procedure previously reported24 for the obtention of 1,3-cyclohexadiene from cyclohexene. 6,6-Dirnethyl-l,3-~yclohexadiene (7) was prepared from 4.4-dimethylcyclohexene (C. S. Co.) in a similar way. ND3 was prepared from magnesium nitride and heavy water.
Preparation of Carbanions. Potassium metal (0.30 g. 7.7 mmol) was dissolved in NH3 or KD3 (6 mL) and a trace of Fe(NO3)3 was added without cooling. When the solution became colorless, the 1,4-or 1,3-diene (4 mmol) was added and the resulting solution was stirred for 3 h at -60 OC. All operations were carried out under a nitrogen atmosphere.
Nuclear Magnetic Resonance Spectra. 'H N MR spectra were obtained using either a Varian Associates Model A56/60, HA-100, or HR-300 KMR spectrometer equipped with variable temperature probes. External (capillary) M q S i was used as reference ( ' H and I3C NMR) .
I3C NMR spectra were obtained using a Varian Associates ,Model XL-100 or a Brucker 270 KMR spectrometer equipped with a broad band decoupler, Fourier transform accessory. and a variable temperature probe. Coupling constants were obtained directly from the I3C NMR spectra in the gyrogate operation mode. operation between the United States of America and Spain (G.A.) and the Deutsche Forschungsgemeinschaft (H.M.) for fellowships.
Introduction
The first spectroscopic observation of the free radical H C C N was by Bernheim et al.,] who, on the basis of the ESR spectrum, concluded that the molecule was a ground-state linear triplet. Subsequent ESR studies by Wasserman et al.' reaffirmed this conclusion. These studies suggest that the structure is H-C-C-N, i.e., linear cyanocarbene. Merer and Travis3 attempted to study the UV spectrum of H C C N by generating it in the gas phase via flash photolysis of diazoacetonitrile. The presence of other radicals such as C N C and CCW, which were formed during the photolysis, prevented a successful analysis. Recently Dendramis and Leroi4 published a detailed investigation of the infrared spectrum of HCCN and several isotopic modifications, isolated in an inert matrix. These authors were able to fit the observed frequencies with a valence force field characterized by force constants which suggest an allenic structure, H-C=C=N.
In addition, Dendramis and Leroi4 observed a band system in the UV between 2400 and 3400 8, which is similar to that attributed to the isoelectronic radical N=C=N, again suggesting the allenic structure.
0002-7863/78/1500-4352$01 .OO/O Previous theoretical work pertaining to the geometry and electronic structure is meager. In their classic paper on the carbene structure, Hoffman et aL5 reported extended Hiickel calculations for H C C N with assumed bond lengths corresponding to the carbene structure, and concluded that the molecule was a linear ground-state triplet. Recently Baird and Taylorh reported a b initio restricted open-shell SCF calculations: in which the geometry of the lowest triplet state was optimized. They predict that the molecule is a bent carbene with a H-C-CN angle of 126'. In a related paper Lucchese and SchaeferX have studied NC-C-CY using the restricted open-shell S C F theory and concluded that this molecule is a bent triplet carbene.
In summary, there are published suggestions that H C C N is best represented as a linear triplet carbene, H-C-CN, a bent triplet carbene, H 'C-CN, and a linear allene-like triplet, H-C=C=N. We have studied HCCN using the restricted open-shell S C F theory, augmented
